Study design: Retrospective study. Objectives: To quantify diurnal blood pressure (BP) patterns and nocturnal hypertension and to measure diurnal urine production in spinal cord injury (SCI) patients with clinically significant disorders of BP control. Setting: A specialist state-based spinal cord service in Victoria, Australia. Methods: Medical records of patients with traumatic SCI who were referred to a specialist service for management of a BP disorder were examined. Ambulatory BP and nocturnal urine production were compared between groups of patients classified according to level, completeness and chronicity of SCI. Patients with night:day systolic BP o90% were classified as dippers, 90-100% as non-dippers and 4100% as reversed dippers. Results: Patients (44 tetraplegic, 10 paraplegic) were predominantly males (92.6%) aged 41 ± 2.5 years (mean ± s.e.m.). Referral was for orthostatic intolerance (n = 37), autonomic dysreflexia (n = 6), nocturnal polyuria (n = 4), elevated BP (n = 1) and peripheral oedema (n = 1). The average BP was 111.1 ± 1.4/65.0 ± 1.2 mm Hg. In 56% of patients (n = 30), BP at night was higher than during the day and another 37% (n = 20) were non-dippers. Nocturnal hypertension was present in 31% (n = 17) of the patients. In the tetraplegic patients, urine flow rate was greater during the night than day (121 ± 9.5 ml h − 1 vs 89 ± 8.2 ml h − 1 , P = 0.025). Conclusion: Ambulatory BP monitoring in patients with SCI and clinically significant BP disorders detected a high incidence of reversed dipping and nocturnal hypertension. We postulate elevated nocturnal BP may contribute to nocturnal diuresis that might cause relative volume depletion and thereby contribute to daytime orthostatic hypotension.
INTRODUCTION
Abnormal blood pressure control resulting in orthostatic intolerance is a common and distressing disorder for both able-bodied and spinal cord injury (SCI) patients. At least for able-bodied patients with orthostatic hypotension, guidelines recommend measuring blood pressure over 24 h using an ambulatory device. 1,2 Monitoring of ambulatory blood pressure in autonomic neuropathy detects episodes of otherwise undetectable hypotension and it can also determine whether night pressures are elevated, which is particularly important when contemplating drug treatments that may further increase already elevated nocturnal pressures. Also, it has been postulated that elevated nocturnal pressures in autonomic neuropathy may contribute to nocturnal diuresis and natriuresis, which in turn is proposed to cause volume depletion which may exacerbate postural hypotension. [3] [4] [5] Thus, in addition to assisting in management of blood pressure disorders, measurement of ambulatory blood pressure may provide insight into the mechanisms contributing to orthostatic hypotension.
Although abnormalities in diurnal blood pressure have been found in patients with SCI, and clinical use of ambulatory blood pressure monitoring has been advocated, 6 the clinical application of ambulatory blood pressure monitoring in SCI has been incompletely studied. This is partly because previous studies have specifically excluded patients with 'orthostatic dysregulation' or 'cardiovascular disease'. [7] [8] [9] Whether patients with symptomatic blood pressure disorders have abnormal diurnal variation or nocturnal diuresis, which could potentially contribute to orthostatic hypotension, has not been determined.
In this study, we examined the 24-h ambulatory blood pressure patterns in patients with SCI who had clinically significant problems with blood pressure control. We also measured the nocturnal urine production in a subset of those patients-17 tetraplegics-most of whom had long-term catheters (2 had condom drainage and 1 male did not use voiding aids). Patients included in this study had tetraplegic or paraplegic SCI, complete and incomplete SCI and acute and chronic SCI.
MATERIALS AND METHODS
The protocol for this study was approved by the Human Research Ethics Committee of Austin Health.
A retrospective review of the records in the Blood Pressure Clinic database identified patients with a history of traumatic SCI who were referred to our Blood Pressure Service for blood pressure management between June 2008 and May 2011.
Demographic details of SCI (date, mechanism of injury, level and completeness of injury), ambulatory blood pressure monitoring results and diurnal urine production were obtained from medical records. The level and completeness of injury were evaluated according to the international standards for neurological classification by the American Spinal Injury Association (ASIA) on admission to the hospital with SCI and on discharge from rehabilitation. The most recent level and ASIA impairment scale (AIS) noted in the medical history were recorded for the purposes of this study.
Ambulatory blood pressure monitoring
Ambulatory blood pressure monitor results were analysed according to mean 24-h, day (0700-2300) and night (2300-0700) values for systolic blood pressure, diastolic blood pressure and pulse rate, obtained from half-hourly measurements during the day and hourly measurements overnight during 24 h of monitoring.
The nocturnal dip was the ratio of night to day systolic blood pressure, expressed as a percentage. Patients with a nocturnal dip of o90% (the normal pattern) were classified as 'dippers', 90-100% as 'non-dippers' and 4100% as 'reversed dippers'. 10 Hypertension was defined as a 24-h blood pressure greater than 130/80 mm Hg, daytime hypertension as a daytime blood pressure above 135/85 mm Hg and nocturnal hypertension as a night blood pressure above 120/70 mm Hg. 1
Nocturnal urine production
Urine volumes were recorded over three consecutive days, generally within a week of blood pressure monitoring. Measurements reported were average values for the 3 days. Nocturnal urine production was the volume of urine produced overnight, including urine passed on first waking for the day, expressed as a percentage of the entire day's urine output. Nocturnal polyuria was defined as a nocturnal urine volume being 433% of the total daily volume. 11 
Study groups
Patients were divided firstly according to level of injury, where tetraplegia was defined as a level of injury above T1 and paraplegia, T1 and below. These were then subdivided into patients with complete (AIS A) and incomplete (all others) injury. Next, they were grouped according to whether the SCI was acute (occurring within the past 1 year) or chronic (occurring more than 1 year before the blood pressure monitoring).
Statistical analysis
Analysis was performed using Microsoft Excel. The Student's t-test was used to compare continuous variables between study groups (such as blood pressure and nocturnal urine production). The chi-square test was used for categorical variables (such as gender and dipping status). Significance was set at Po0.05. Range intervals represent standard error of the mean (s.e.m.).
RESULTS

Study group characteristics
The patients (n = 54) were predominantly male (92.6%), aged 41 ± 2.5 years (mean ± s.e.m.) and mainly tetraplegic (Table 1) . Of the 10 patients with paraplegia, 7 had SCI between T3 and T5, most were complete and all had acute injuries; therefore, paraplegics were only considered as a single group, with insufficient numbers for subgroup analysis. Records of nocturnal urine production were available for 17 patients with tetraplegia.
Referral to the Blood Pressure Service was for clinically significant blood pressure management issues with referring clinicians specifically requesting assistance with orthostatic intolerance (n = 37), autonomic dysreflexia (n = 6), nocturnal polyuria (n = 4), elevated blood pressure (n = 1) and peripheral oedema (n = 1). Co-morbidities include sleep apnoea (n = 6), hypertension (n = 3), diabetes mellitus (n = 3), atrial fibrillation (n = 2) and congestive cardiac failure (n = 1). Medications taken by patients during ambulatory blood pressure monitoring included anti-hypertensives (n = 4), pseudoephedrine 30-60 mg daily (n = 4) and sodium chloride and/or fludrocortisone 0.1-0.2 mg daily (n = 3).
All patients
Of the 54 patients studied, only 4 (7%) had the normal dipping pattern of blood pressure. Thirty (56%) patients had higher pressures at night than during the day (Table 2) . Reversed dipping patterns tended to be more common amongst the tetraplegics than paraplegics. Nocturnal hypertension was present in 17 (31%) patients (2 of whom were paraplegic), whereas daytime hypertension and elevated 24-h blood pressure were only present in 2 and 3 tetraplegic patients, respectively. The pulse rate was lower in the tetraplegic compared with the paraplegic patients and both groups had a nocturnal fall in pulse rate.
Mean total daily urine volume in the 17 tetraplegics was 2570 ± 164 ml. An average of 50 ± 3.3% volume of urine was passed overnight. Urine flow rate was higher during the night than day (121 ± 9.5 ml h − 1 vs 89 ± 8.2 ml h − 1 , P = 0.025). The proportion of urine produced at night was inversely correlated with the 24 h systolic pressure (r 2 = 0.25, P = 0.043) and day systolic pressure (r 2 = 0.30, P = 0.022) and there was a trend to a direct correlation with the night: day systolic pressures (r 2 = 0.19, P = 0.078).
Complete vs incomplete tetraplegia
Compared with those with incomplete injuries, tetraplegic patients with complete injuries were younger, had lower day blood pressures and a greater incidence of reversed dipping (Table 3) . In incomplete injuries, pressures at night were lower than day values for both diastolic (Po0.001) and systolic pressure (P = 0.166), whereas night systolic pressures were higher than the day measurement for complete injuries (P = 0.003). Compared with day values, the pulse rate fell in both groups at night (Po0.05).
There was a higher total daily urine volume in patients with a complete injury, and their urine flow rate at night was significantly higher than in the day (P = 0.035).
Acute vs chronic tetraplegics
Patients with acute injuries were younger than those with chronic injuries (Table 4 ). The average time between monitoring and SCI was 3.1 months (1.1-6.0 months) in the acute group. Patients in the chronic group had had SCI for an average of 32.5 years (4-48 years).
Compared with patients with chronic injuries, patients with acute injury had lower blood pressure, particularly the diastolic pressure, higher night:day systolic pressure and a greater proportion of reversed dippers. Pulse rates for both groups were similar, including the presence of nocturnal fall.
Compared with the chronic tetraplegics, acute tetraplegics had lower day urine production and passed a greater proportion of their urine at night, and had a significantly higher night urine flow rate than that in the day (P = 0.002). Table 5 summarises the nocturnal blood pressure dipping ratios and nocturnal urine volumes for subgroups of tetraplegics. 
DISCUSSION
In our population of SCI patients who were referred for blood pressure management, ambulatory monitoring revealed a substantial prevalence of reversed dipping or nocturnal hypertension, despite a relatively low prevalence of 24-h or daytime hypertension, and these abnormalities tended to be more frequent amongst patients with acute, complete or tetraplegic injuries. In addition to the higher incidence of reversed dipping of blood pressure, we also found higher nocturnal urine production in patients with acute or complete SCI when compared with patients with chronic or incomplete injuries, respectively ( Table 5) . The mechanisms explaining these findings are uncertain. One explanation for the reversed diurnal variation of blood pressure is that interruption of sympathetic nervous system tracts rendered our patients unable to maintain blood pressure when upright during the day. This is in keeping with the observation that patients with incomplete SCI, who presumably have more intact sympathetic nervous system tracts, tended to have a lower incidence of nondipping. It is also consistent with the high incidence of non-dipping seen in autonomic neuropathy, which is another condition associated with impaired orthostatic blood pressure control. 12, 13 However, in both SCI and autonomic failure, not all patients have non-dipping, implying that factors other than damage to the autonomic nervous system cause changes in diurnal blood pressure profiles. For example, the lower incidence of abnormal blood pressure or urine production in our patients with chronic injury suggests that at a time that is more than 6 months after SCI, adaptive mechanisms unrelated to spinal cord function might develop to modulate blood pressure control.
Similarly, the mechanism explaining nocturnal polyuria is unclear. In general, the patient groups in our study that had a higher incidence of non-dipping also had a relatively higher rate of nocturnal urine flow, raising the possibility that the diuresis may have been directly related to renal perfusion pressures. However, at least in patients with autonomic failure, natriuresis can be independent of elevated nocturnal pressures. 5 The importance of these findings relates to a potential role for nocturnal blood pressure elevation in orthostatic intolerance. It has been proposed that attenuating the excessive natriuresis of autonomic failure by selectively reducing nocturnal blood pressure may provide relief from orthostatic symptoms. In autonomic neuropathy, sleeping with a head up tilt was suggested to attenuate orthostatic hypotension by reducing renal perfusion pressure and thereby reducing diuresis. 14 Similarly, short-acting nocturnal anti-hypertensive agents have reduced nocturnal blood pressure and nocturnal natriuresis in patients with primary autonomic failure. [15] [16] [17] However, head up tilt is problematic in the SCI population, because their sleeping position is determined by other considerations, such as prevention of pressure injury. Short-acting nocturnal anti-hypertensives are a potential pharmacological alternative to head up tilt, but their role in SCI has not been examined.
Our results differ from previous studies that found a loss of diurnal variation in blood pressure only in patients with chronic and complete tetraplegics, but not in incomplete tetraplegics or complete paraplegics. [7] [8] [9] To some extent, this difference may be explained by those studies excluding patients with conditions such as known cardiovascular disorders, autonomic dysreflexia and orthostatic dysregulation, thus potentially excluding a population of patients in whom disruption of blood pressure control may be greatest.
The other interesting aspect of our study is our measurement of the prevalence of nocturnal hypertension in patients with SCI, a parameter that has not previously been reported in similar studies. Reversed dipping and nocturnal hypertension may have implications for risk of cardiovascular disease, which may be elevated in patients with SCI. 18 Studies in the general population have found that night blood pressure and reversed diurnal variation are important factors in predicting cardiovascular risk [19] [20] [21] and it may be that the results of ambulatory monitoring can be used to detect patients who would benefit from treatments aimed at reducing cardiovascular risk.
In addition to orthostatic intolerance, autonomic dysreflexia is the other major blood pressure problem seen in SCI. It has been proposed that the loss of diurnal blood pressure variation may be a feature of tetraplegic patients with dysreflexia. 22 However, autonomic dysreflexia was a relatively uncommon cause of referral in our study group (6 of 44 tetraplegic patients), yet almost all patients exhibited an abnormal diurnal blood pressure pattern. Further studies should be directed towards examining whether abnormalities of diurnal blood pressure variation are more common or contribute to autonomic dysreflexia in SCI.
Although our study was retrospective and limited to a relatively small number of patients, its strength was that it only included patients who had a clinical reason for measurement of ambulatory blood pressure. The high incidence of abnormalities in this group suggests that the role of measuring ambulatory monitoring should be further explored in these patients.
CONCLUSION
We conclude that ambulatory blood pressure monitoring is a useful diagnostic method for nocturnal hypertension and reversed dipping in patients with SCI who are referred for blood pressure management. The reversal of diurnal blood pressure variation, elevation of nocturnal blood pressure and increased night urinary flow rates support the nocturnal blood pressure as a potential therapeutic target. Night:Day SBP (%) Acute 108.5 ± 1.8 (n = 16) 98.9 ± 2.5 (n = 9) Chronic 102.1 ± 5.1 (n = 6) 95.5 ± 3.0 (n = 9)
Nocturnal urine volume (%) Acute 53.1 ± 4.3 (n = 8) 56.0 ± 6.0 (n = 4) Chronic 47.5 ± 13.5 (n = 2) 33.0 ± 0.6 (n = 3)
Abbreviation: SBP, systolic blood pressure.
